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VasculatureMechanical forces provide fundamental physiological stimulus in living organisms. Recent investigations
demonstrated how various types of mechanical load, like strain, pressure, shear stress, or cyclic stretch can
affect cell biology and gap junction intercellular communication (GJIC). Depending on the cell type, the
type of mechanical load and on strength and duration of application, these forces can induce hypertrophic
processes and modulate the expression and function of certain connexins such as Cx43, while others such
as Cx37 or Cx40 are reported to be less mechanosensitive. In particular, not only expression but also subcel-
lular localization of Cx43 is altered in cardiomyocytes submitted to cyclic mechanical stretch resulting in the
typical elongated cell shape with an accentuation of Cx43 at the cell poles. In the heart both cardiomyocytes
and ﬁbroblasts can alter their GJIC in response to mechanical load. In the vasculature both endothelial cells
and smooth muscle cells are subject to strain and cyclic stretch resulting from the pulsatile ﬂow. In addition,
vascular endothelial cells are mainly affected by shear stress resulting from the blood ﬂow parallel to their
surface. These mechanical forces lead to a regulation of GJIC in vascular tissue. In bones, osteocytes and oste-
oblasts are coupled via gap junctions, which also react to mechanical forces. Since gap junctions are involved
in regulation of cell growth and differentiation, the mechanosensitivity of the regulation of these channels
might open new perspectives to explain how cells can respond to mechanical load, and how stretch induces
self-organization of a cell layer which might have implications for embryology and the development of or-
gans. This article is part of a Special Issue entitled: The Communicating junctions, roles and dysfunctions.
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rights reserved.1. Stretch, stress, strain, etc.: the physical deﬁnitions
Life of mammalian organisms involves movement in many re-
spects: movement of the organism in the landscape or generally in
space, but also the movement of blood in the cardiovascular system
that keeps the organism alive. All movement exerts an interaction
148 A. Salameh, S. Dhein / Biochimica et Biophysica Acta 1828 (2013) 147–156between the moving medium and the surrounding. This will result in
e.g. pressure, strain, stretch, shear stress, or friction or combinations of
these. Typical physiological changes related to these phenomena
occur in the heart and the vessels. The contraction of the heart im-
poses pressure on the heart walls. Thus, the investigation of the effects
ofmechanical load on cells is an important topic for research. Since the
processes involved in adaption tomechanical load also include growth
and differentiation, and since these two are also affected by gap junc-
tional intercellular communication, the effect of mechanical load on
gap junctions has become a new interesting ﬁeld in gap junction and
biomechanical research. Before pointing out the present views on
these effects, it is necessary to give some deﬁnitions. Mechanical
load can mean simply pressure, or cyclic or static stretch, or strain,
or in some models shear stress (Fig. 1). Since these terms are often
used loosely, they shall be deﬁned here at the beginningmore precisely
to discriminate between the processes.
Pressure (P) normally is deﬁned by physicists as force (F) per unit
area (A) in the direction normal to the surface (Fig. 1):
P ¼ F=A
This force, which may be pressure or traction force, may lead to a
deformation of the body to which surface this force was applied to. In
case of traction the body will be elongated in the direction of force, in
case of pressure it will be compressed and shortened in direction of
the force. This change in length (Δl) in direction of the stretch related
to the initial length (l) (Δl/l) is named stretch (ε) (dimensionless)
(Fig. 1) and can be described as
ε ¼ Δl=l
which will depend on the force (F) in direction of stretch and on the
area of transverse section (A) so that
σ ¼ F=A
and
Δl=l ¼ l=Eσdy 
dx 
dz 
dF = P*dy*dz 
A = dy *dz 
P = F/A  
Pressure (P) 
X X' 
Strain 
 =
( )
F 
A = area 
L 
 
F/A = G * ( x/L) 
 = F /L2  
 = G * 
x 
Shear Stress ( ) 
Fig. 1. Scheme of some of the mechanical forces as discussed here. Abbreviations and sym
deﬁnitions).or combining these formulas stretch of a body with the transverse
section area A can be described by Hooke's law (Fig. 1) as
ε ¼ 1=Eð Þσ
with E being the elasticitymodulus [amaterial constant given in [N/m2].
The tension applied to the transverse section of the body can be de-
scribed as normal stress [N/m2] (σ).
Mostly, it is more interesting in biomechanics or in physiology to
regard the change in extension or change in length, i.e. the stretch
ratio (λ), which is deﬁned by the ratio between the ﬁnal length (‘)
(not the increment Δl as above) and the initial length (L):
λ ¼ ‘=L
Sometimes, it may be more interesting to regard the extension
ratio (e) which is
e ¼ ‘–Lð Þ=L
or in other words:e=λ−1which implies that the normal strain is
zero and that under normal condition there is no deformation if
stretch is zero.
In case of such a deformation an inverse change Δd will occur 90°
to the stretch axis. The ratio between length change in stretch axis
(Δl) and transverse to it (Δd) is called Poisson's number (μ), which
is a material constant
μ¼ Δd=dð Þ : Δl=lð Þ
which varies for most materials between 0.2 and 0.5. As a conse-
quence of this, a slight change in volume may occur, which according
to Hooke's law can be described as
ΔV=V ¼ 1=Eσ  1−2 μð Þ
with σ being the normal stress [N/m2].
For a normalized measure of deformation physiologists often use
the general term strain (ζ) (Fig. 1) representing the displacement (X'  - X)/X 
L 
L 
 = L/L  
L/L = l/E *  
A = area 
F 
Stretch ( ) 
Normal stress  
 = F/A  
Hooke's law 
 = 1/E *   
Δ
 Δ
 σ
bols are according to the explanations in the text (see ﬁrst section on the physical
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strain is dimensionless and can be deﬁned as
ζ ¼ X0−X =X
with X as the initial length, which is stretched to a ﬁnal length X′.
Thus, the strain measure ζ is deﬁned as the dimensionless ratio of
elongation with respect to the original length.
If the force is applied to a small part of a deformable body, this
body will be deﬂected. If pressure (p) is applied homogeneously to
all sides of a body it will be compressed. This compression will lead
to a change in volume depending on the compression modulus (K)
according to
−Δp ¼ K ΔV=Vð Þ
Another situation occurs when the force is acting in a tangential or
nearly parallel axis to the surface of the body, which will result in
shear stress (τ) (Fig. 1). This also will lead to a deformation of the
body tilting those edges, which are vertical to the force, by an angle
α depending on the shear stress (τ) and the surface (F) according to
τ ¼ F=‘2 and τ ¼ Gα
with G being the fourth material constant in this context, the shear
modulus G. Physiologically shear stress plays an important role at en-
dothelial surfaces, when blood, a non-Newtonian ﬂuid, ﬂows through
a vessel. At the surface friction forces will occur resulting in loss of
velocity, which will apply a shear stress to the endothelial surface.
In case of a Newtonian ﬂuid and laminar ﬂow the shear stress is
then described as
τ ¼ η Δu=Δyð Þ
with η being the dynamic viscosity of the ﬂuid, u being the velocity of
theﬂuid along theboundary, andy being the height above theboundary.
In contrast to this situation, in a Non-Newtonian ﬂuid the viscosity is not
constant.
Finally, these four elastic constants are interrelated in the follow-
ing way:
E=2 G ¼ 1þ μ
Thus, it becomes clear that the various terms are not interchange-
able but mean different physical deﬁnitions. Moreover, one elastic
material constant can be expressed as a mathematical function of
the others. It is necessary to keep in the correct physical terminology
when investigating or discussing effects of mechanical forces to
bodies. For that purpose the deﬁnitions were given here, and in the
following part we will stick to these, in order to avoid confusion.
2. Gap junctions
Gap junction channels connect the cytoplasms of two neighboring
cells allowing the passage of small molecules (b1000 Da) and electri-
cal current (Fig. 2), thus enabling the spread of an action potential
from cell to cell. Gap junctions are found in clusters in regions were
the distance between two cells is particularly small. In the adult
heart these are the intercalated disks at the cell poles. Each gap junc-
tion channel consists of two connexons, each of which is provided by
one of the adjacent cells. A connexon is made of six identical (homo-
meric) or different (heteromeric) proteins. In vertebrates these pro-
teins called connexins (Cx), in invertebrates innexins. Cx follow the
common secretory pathway for most membrane proteins, including
transcription in the nucleus, assembly in the rough endoplasmatic re-
ticulum, trafﬁcking to the golgi apparatus which may serve as a store
until needed, followed by transport to and integration in the cellmembrane. The protein subunits, the connexins, are transmembrane
proteins with two extra cellular loops, one intracellular loop, four
transmembrane spanning regions, an intracellular N-terminus and
an intracellular C-terminus, the latter with variable length, being re-
sponsible for the different molecular weights among the Cx isoforms
(at present 21 are known in humans and 20 inmice). Cx43 (the number
indicates themolecular weight in kDa) is themost abundant isoform in
mammalian organisms.
3. Sensing of mechanical forces by cells
In living organisms often a combination of the mechanical forces
as deﬁned above affects the cells: for example, the contraction of
the heart will result in pressure affecting the cells, and in strain; in ad-
dition, the resulting blood ﬂowwill cause a shear stress at the luminal
surface. Experimentally, it is not always possible to investigate one
mechanical force alone. In some certain models a more or less isolat-
ed investigation of predominantly one mechanical force may be
achieved: thus, a widely used model is stretching cultivated cells pas-
sively on a silicone membrane which predominantly results in stretch
(ε) of these cells with a certain elongation ratio (e), and causing both
a length change Δl in stretch axis and an inverse change in width Δd
90° to the stretch axis giving Poisson's number μ (see above). Another
frequently used model is laminar superfusion of cultivated cells to
apply shear stress. For investigation of stretch-activated ion channels,
excised membranes may be submitted to suction, by application of
negative pressure, which secondly results in stretch, or using whole
cell conﬁgurations by anisosmotic swelling in hyposmotic bath solu-
tions, which enhances the cell volume and intracellular pressure
and thereby causes stretch of the membrane, also cyclic squeezing
of the cells may be used.
Since mechanical force can alter the shape of a body, one could as-
sume that the organs need to adapt somehow to mechanical forces.
This adaption, however, needs also to involve processes of growth
and differentiation, and in the heart, also of directed electrical con-
duction. In some way however the cells must be able to sense the
deforming forces or the mechanical load. Thus, using atomic force mi-
croscope indentation two principal pathways for stretch signal trans-
duction could be dissected experimentally: the ﬁrst pathway involves
stretch activated ion channels; the other pathway depends on the
intracellular microtubular cytoskeleton with tubulin and vimentin
networks being essential for stretch-sensing and F-actin being non-
essential [1]. Mechanical forces can deform the extracellular matrix
and thereby alter integrin structure leading to activation of secondary
messenger pathways, or may directly affect cell surface protein-
integrin complexes [2]. In general, the sensing of mechanical forces
is realized via (a) stretch activated ion channels (SAC), (b) activation
of enzymes closely linked to the cytoskeleton, e.g. the focal adhesion
kinase, and (c) by surface receptors which bind to the extracellular
matrix such as e.g. integrins (see below) (Fig. 3).
Mechanosensitive channels comprise (a) stretch activated chan-
nels (SAC), which open upon increased stretch of the membrane
(this stretch is caused in most experimental approaches by applica-
tion of pressure) and (b) more rarely stretch inactivated channels
(SIC) which close in response to mechanostress. Typically SAC allow
the passage of cations, K+, Na+ and Ca++. While K+-conducting chan-
nels would favor hyperpolarization, others would generate a Ca++-sig-
nal either directly or by Na+-entry which via involvement of the
reverse mode of the Na+/Ca++-exchange could elicit a Ca++-signal.
Pharmacologically these cation channels can be blocked using lantha-
nides like gadolinium, Gd3+, in concentrations of 50–100 μM, or by
the peptidic tarantula venom GsMTx-4 [3].
Regarding surface receptors, integrins, which are heterodimers of
an α- and β-subunit extracellularly bind to molecules of the extracel-
lular matrix like ﬁbronectin, laminin, vitronectin or collagen, and
intracellularly can be connected to the cytoskeleton via their β-
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Fig. 2. Brief survey about gap junction channels connecting two neighboring cells. A gap junction channel is made from 2 connexons. Each connexon is a hexameric hemichannel
consisting of 6 protein subunits, the connexins. The opening and closing of these channels are thought to be realized by a rotational movement. For more details see text and
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and vinculin [4]. Since the cytoskeleton is connected via actin, ZO-1,
α- and β-tubulin to the gap junctions [5-7], there is a possible close
vicinity between signal pathways at the integrines and the gap junc-
tions. Besides integrins, linkage to extracellular matrix can be realized
via dystrophin glycoprotein receptors, e.g. in smooth muscle cells or
skeletal muscle. These proteins can bind to extracellular laminin
and are intracellularly linked to the actin cytoskeleton [8]. A part of
the dysrophin glycoprotein complex, the beta-dystrophan, binds to
caveolin-1 [8], a protein which is known to be involved in Cx43 traf-
ﬁcking [9,10] (see Fig. 3).
The β-subunit of integrines intracellularly can activate small G-
proteins like Rho, Rac and Ras as well as focal adhesion kinase
(FAK) and protein kinases like AKT, Raf, MEK, and ERK (extracellular
signal regulated kinase) [11]. FAK together with melusin and
integrin-linked kinase (ILK) control the phosphorylation of AKT/
GSK3β and ERK1/2, the ﬁrst being the main target for ILK. By this sig-
nal pathway FAK is involved in the control of cell survival and hyper-
trophy [12]. Moreover, GSK3 (glycogen synthase kinase 3) has been
reported to control β-catenin nuclear translocation thereby enhanc-
ing Cx43 transcription in osteocytes [13], thus providing a possible
link between FAK signaling and Cx43 expression (Fig. 3).
Catenins (α,β,γ-catenin) are found at the anchoring points of
actin microﬁlaments at the cell membrane interacting with cadherins,
which are cell adhesion proteins located in the fascia adherens and in
the desmosomes linking one cell to the neighboring. Other members
of this protein family, desmoglein, desmocollin, link the desmin inter-
mediate ﬁlaments to the desmosomes with involvement of plakoglo-
bin (also called γ-catenin) and plakophillin.
Intracellularly, stretch may be sensed also via cytoskeletal pro-
teins like the giant protein titin, which in certain parts works as a mo-
lecular spring, in concert with a number of binding proteins (for
review see [14]). The signaling sites of titin are organized in three
“hot spots”, one near the Z-disk, one in the central I-band, and a
third at the M-band. Titin has been suggested to sense intracellular
stretch and to be involved in the proliferative responses to mechanical
stress [14,11].
Thus, a movement of the extracellular matrix or tension/stress on
the extracellular matrix can be sensed via surface proteins of the cell
or by SAC, which can activate intracellular signal transduction path-
ways, involving enzymes like AKT, MEK, ERK, Rho, Ras, Rac, or
caveolin-1 or caveolin-3 (via integrins) or Ca++ and Ca++-dependent
kinases (via SAC) [11,8], which are known to be also involved in hyper-
trophic growth as well as in regulation of connexin synthesis [15]. The
most interesting aspect, however, is that the signals generated by
stretch are local, i.e. are limited to a certain point of the cell surface.
This is of particular interest for the gap junction complex, for which
the geometric distribution within the cell is important, e.g. in the
heart where the accentuation of the gap junctions at the cell poles
enable the propagation of the electrical impulse in the direction of the
ﬁbres axis [16].
4. Effects of mechanical forces on gap junctions in the heart
There are at least three types of mechanical forces in the heart and
vasculature: (a) cyclic mechanical stretch elicited by the cyclic con-
tractions of the heart and (b) the mean intravascular or intracardiac
pressure, which depends on afterload and on ﬁlling of the heart, caus-
ing (c) static tension (or static stress) resulting in strain, and (d) the
blood ﬂowwhich causes shear stress at the endothelial or endocardial
surfaces.
4.1. Effects of cyclic mechanical stretch
In the heart the contractions cause cyclic deformations of the heart
which can be described by the change in length, i.e. as elongationratio, or – if normalized – as strain, or applying Hooke's law as stretch.
As a model for investigation of mechanosensitive effects most authors
use cultured cardiomyocytes. The effects of such a cyclic mechanical
stretch have been investigated typically in cell cultures grown on
ﬂexible membranes which are elongated in a cyclic manner [17-19].
The earliest investigations on the effects of cyclic mechanical stretch
on gap junctions in cultured neonatal rat cardiomyocytes described
a ca. 3-fold up-regulation of Cx43 protein and mRNA within 4 h of
20% cyclic mechanical stretch, which remained elevated about 16 h,
while Cx40 and Cx37 were not affected [18]. Zhuang et al. [17]
showed that the up-regulation of Cx43 was accompanied by en-
hanced number of gap junctions/test area and enlarged gap junction
size as well as by accelerated conduction velocity. Thus, these impor-
tant investigations showed a principal relationship between intercel-
lular communication and stretch, which allowed ﬁrst ideas about
possible relations between mechanical load, stretch and arrhythmia
in heart. In general, stretch-induced hypertrophy (not discriminating
between static and cyclic stretch) seems to involve activation of phos-
pholipase D, phospholipase C, MAPK pathway and JAK/STAT pathway
[20]. Others found ERK, AKT and GSK3β to be involved in the signal
transduction of stretch [21,22]. More speciﬁcally, regarding possible
signal transduction pathways, Seko and colleagues [23] showed that
cyclic mechanical stretch (15% elongation, 1 Hz) early, within 5 mi-
nutes, resulted in release of VEGF and activation (phosphorylation)
of p44/p42 MAPKs (= extracellular signal-regulated protein kinase
[ERK] 1/2), stress-activated protein kinase (SAPK), p38MAPK, p125
focal adhesion kinase (FAK). These effects were at least in parts medi-
ated by VEGF, transforming growth factor-β1 (TGF-β1), protein
kinase C (PKC) and tyrosine kinases. In a very interesting study,
conditioned medium was prepared from cultured cells submitted to
cyclic stretch (1 Hz, 20% elongation) and was tested in static cultures
for the hypertrophic responses revealing that neonatal rat cardio-
myocytes released atrial natriuretic peptide (ANP) and TGF-β1
while neonatal rat ﬁbroblasts produced TGF-β1 and endothelin-1. In
contrast to the later observations by Shyu et al. (see below) [24] in
this assay no detectable amounts of angiotensin-II were released by
these cells [20].
However, it must be taken into account that at that point of the in-
vestigations these authors showed that these mechanisms are acti-
vated by cyclic stretch, but not, that these mechanisms are involved
in the changes observed regarding intercellular communication. The
causal relationship between the release of VEGF induced by cyclic
mechanical stretch and an increase in Cx43 was conﬁrmed in a sem-
inal paper in 2002 by Pimentel et al. [25], who showed that the cyclic
stretch-induced increase in both Cx43 and in conduction velocity
could be inhibited by an antibody against VEGF. Exogenous VEGF
and TGF-β1 mimicked the stretch-induced effects. While the TFG-β1
effect on Cx43 could be inhibited by an anti-VEGF antibody, the
VEGF effect was insensitive to an anti-TGF-β1 antibody indicating
that VEGF acts downstream of TGF-β1 [25]. Since in these experi-
ments only 5% of the cells were non-myocytes, VEGF probably was re-
leased from the myocytes. It should be noted that these authors used
10% elongation at a rate of 3 Hz for 1 h to stimulate their cells.
Regarding other pathways, Shyu and colleagues (2001) [24] using
a prolonged protocol (24 h) found upon cyclic mechanical stretch
(20% elongation, 1 Hz, 24 h) a 3-fold increase in the release of
angiotensin-II into the culture medium from 7.5±0.6 ng/ml to 23.8±
1.0 ng/ml, and that the stretch-induced up-regulation in Cx43 could
be completely inhibited by 10 and 100 nM of the AT1-receptor antago-
nist losartan. It might be that the prolongation of the stretch period
activates other pathways than a short period. However, this has not
been investigated systematically.
Interestingly, the response elicited by cyclic mechanical stretch
depends on the extracellular matrix on which the cells are grown.
Thus, the stretch-induced up-regulation in Cx43, N-cadherin and the
increase in metabolic coupling was only found in cells grown on
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due to the fact that in cells grown on ﬁbronectin or on denaturated
collagen Cx43 was prior to stretching already on a high level (similar
to that which was found after stretching in cells grown on collagen-1)
[26] (using 10% elongation, 3 Hz, 1 h). If integrins were activated in a
generalized manner by adding arginine-glycine-aspartate (RGD)-
peptide or MnCl2 also Cx43-up-regulation was observed. Since these
effects could be antagonized by anti-beta1 but not by anti-beta-3-
antibodies, it was concluded that in cells grown on collagen-1
matrix–myocyte interaction regulates stretch-induced Cx43 expres-
sion via beta-1 integrin (the integrin subunit which binds collagen
in the heart), while in cells grown on ﬁbronectin or on denaturated
collagen up-regulation in Cx43 was stretch-independent and seemed
to be mediated via RGD-integrins [26].
Further investigation revealed that proteins of the mechanical
junctions, i.e. plakoglobin, desmoplakin and N-cadherin are up-
regulated by cyclic mechanical stretch (10% elongation, 3 Hz, 1 h)
independently of VEGF but via β1 and β3-integrin signaling. Both
up-regulation of mechanical junction proteins and Cx43 (electrical
junctions) were mediated by integrin-dependent FAK-activation, the
latter leading to VEGF release thereby up-regulating Cx43 [27].
In the next years it was shown that prolonged cyclic mechanical
stretch (24 or 48 h; 1 Hz, 10 or 20% elongation) resulted in elongation
of cardiomyocytes, up-regulation of Cx43 protein and mRNA and ac-
centuation of Cx43 and N-cadherin at the cell poles, while in non-
stretched cells they were distributed homogeneously around the
cell. This process was complete within 24 h, and 10% elongation pro-
duced maximum changes. Interestingly, cells were found to be orien-
tated 79° to the stretch axis, i.e. their longitudinal axis was nearly
transverse to the stretch axis. Switching to static conditions for an-
other 24 h reversed the changes in Cx43 but not the elongation and
orientation [19]. The process of stretch-adaption was accompanied
by activation of ERK1/2, AKT and phosphorylation of glycogen kinase
3 β (GSK3-β) [19]; AKT typically phosphorylates GSK3-β (the phos-
phorylated isoform is inactive [28]), which is known to be involved
in GATA-4 and NFAT nuclear translocation and regulation of elonga-
tion factor elF2b. Finally, the transcription factors AP1, CREB (cAMP
response element binding protein) translocated to the nucleus [19],
two transcription factors for which binding sites exist in the Cx43
promoter [29,30]. The reversibility of the Cx43 polarization ﬁts well
to the short half-life times of Cx43 which is around 1–3 h [31-33]. This
raises the tempting idea that cardiomyocytes adapt the localization of
Cx43 to actualmechanical situations. Regarding the signal transduction,
it turned out that the MEK inhibitor PD 98059 completely blocked the
stretch-induced effects on Cx43, but failed to affect the elongation or
orientation changes of the cells, while all processes were insensitive to
PKC blockade with bisindolylmaleimide-I or PKA-inhibition using H8.
Thus, PKC and PKAdonot seem to be involved in the signal transduction
of cyclic mechanical stretch, and that the Cx43 changes are related to
the MAPK cascade involving ERK1/2. Thus, these data suggest, that
transverse cell orientation and elongation, which also have been
observed by Matsuda et al. and De Jonge et al. [34-36], might involve
other processes than Cx43 polarization.
The orientation of the longitudinal cell axis transverse to the di-
rection of stretch on ﬁrst sight seems curious. However, it may be
interpreted as a self-organization process. Thus, this orientation
transverse to the stretch axis enables the absorption of deforming
forces, which typically are directed transmurally from the inner side
of the heart to the heart surface by the cell's contraction. In
physiology cardiac ﬁbres are typically orientated in spirals around
the heart so that often they are also orientated transverse to the
stretch axis. In contrast, orientation parallel to the stretch axis
would result in large forces disrupting the cells from each other
apart by overloading the side-to-side cell adhesions. Transverse ori-
entation may be physiologically favorable by enabling the cells to
counteract the distracting forces by their own contraction. In concertwith this, polarization of Cx43 probably results in longitudinal propa-
gation of the action potential co-ordinating the resulting contraction
(nearly transverse towards the stretch axis).
Cardiac ﬁbroblasts may respond to mechanical compression by ac-
tivation of SAC leading to depolarization of the cell [37-39] which
may electrotonically inﬂuence cardiac myocytes which can communi-
cate to ﬁbroblasts via gap junctional channels made from Cx43 or
Cx45 [40]. Upon application of mechanical forces a change in mem-
brane potential, possibly via a Ca++-inﬂux, could be elicited in ﬁbro-
blasts which by electrotonic spread may elicit focal arrhythmogenic
activity [41,42]. It is tempting to speculate that in the neighborhood
of ﬁbroblasts mechanical forces and tension may be different due to
the deposition of extracellular matrix thereby producing a highly
complex 3-dimensional pattern of local differences and directions of
strain.
Regarding the clinical situation, left ventricular hypertrophy,
which often occurs in concert with enhanced blood pressure or ele-
vated intracardiac pressure, or may occur as hypertrophic cardiomy-
opathy, has been reported to be accompanied by enhanced Cx43
expression [43,44] and by accentuated localization of Cx43 at the
lateral sides of the cells [43]. However, in severe left ventricular
hypertrophy [45] and in heart failure (dilative cardiomyopathy) the
expression of Cx43 is reduced [46-48].
4.2. Effects of angiotensin on cyclic stretch in heart
In prolonged stretch protocols (24 h, cyclic mechanical stretch;
neonatal rat cardiomyocytes cultured on ﬂexible membranes) release
of angiotensin-II was observed leading to Cx43 up-regulation, which
could be inhibited with losartan [24], while in shorter protocols
(1 h) angiotensin-II release was not observed [20]. However, it
remained questionable how stretch effects might be affected by addi-
tional exogenous angiotensin-II, which could be of relevance for path-
ophysiological situations with enhanced circulating angiotensin
levels. Regarding this question, addition of angiotensin-II (100 nM)
to cultured rat cardiomyocytes under static conditions resulted in en-
hanced Cx43 expression [49]; if cells are stretched (1 Hz, 10% elonga-
tion, 24 h) the stretch-induced increase in Cx43 expression is not
further ampliﬁed by additional 100 nM angiotensin-II [19], which
may indicate a kind of ceiling effect. Similarly, some other stretch-
effects, i.e. the percentage of elongated cells and the direction of ori-
entation, are not affected by additional angiotensin-II. However, the
addition of angiotensin prevented from the stretch-induced accentu-
ation of Cx43 at the cell poles [19].This ﬁts well to clinical observa-
tions that in cardiac diseases with elevated angiotensin levels and
enhanced wall stress, e.g. dilative cardiomyopathy or certain forms
of atrial ﬁbrillation, Cx43 localization shifts from polar to lateral
accentuation indicating a possible role of angiotensin-II in dysregulation
of gap junction localization under mechanical stretch [44,46,50,51].
4.3. Effects of adrenergic stimulation on cyclic stretch induced changes
in heart
Since most pathophysiological situations with enhanced pressure/
wall stretch at the heart are accompanied by sympatho-adrenal acti-
vation with elevated catecholamine levels, another important ques-
tion is whether stretch-induced effects are modulated by α- or β-
adrenergic stimulation. If in cardiomyocytes cultured on ﬂexible
membranes cyclic mechanical stretch was applied in combination
with either isoprenaline or phenylephrine, up-regulation of Cx43-
protein and Cx43-mRNA could be observed in a similar manner as
with stretch alone. Thus, there was no additive effect of isoprenaline
or phenylephrine. Interestingly, cyclic mechanical stretch diminished
the Cx43 protein/ Cx43 mRNA ratio, while in contrast additional
adrenergic stimulation normalized this Cx43 protein/ Cx43 mRNA
ratio to the static control level. Since this may indicate possible
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tion [52-55], Cx43 phosphorylation as a step being involved in the
regulation of Cx trafﬁcking, incorporation and degradation, was
also investigated. β-adrenergic stimulation (isoprenaline) as well as
α-adrenergic stimulation (phenylephrine) both increased Cx43-
phosphorylation, while concomitant cyclic mechanical stretch de-
creased Cx43-phosphorylation as became evident from a reduced p-
Cx43/Cx43-ratio [56]. Since it is known that enhanced phosphorylation
of Cx43 – depending on the phosphorylation site – can lead to increased
Cx43-degradation [57-59], the observed changes in P-Cx43/NP-Cx43
ratio may indicate the involvement of altered Cx43 degradation. In fur-
ther experiments it turned out that all stimuli (isoprenalin, phenyleph-
rine, stretch) stimulated ERK1/2 and AKT, led to phosphorylation of
GSK3-β and ﬁnally resulted in nuclear translocation of AP1 and CREB
to similar degrees and in a non-additive manner, so that the combina-
tion of stretch with other stimuli (phenylephrine, isoprenaline) does
not result in additive or over additive effects. Because ERK1/2 was acti-
vated to a comparable degree under single or combined stimulation,
probably other kinases or phosphatases are responsible for the diver-
gent effects of single or combined stimulation with regard to Cx43-
phosphorylation. It should be noted that there is a large number of
kinases and phosphatases regulating Cx43-phosphorylation status at
various C-terminal consensus sites [15].
Thus, there are two principal ﬁnding with combined stimulation:
adrenoceptor-stimulation-induced Cx43-phosphorylation is inhibited
by stretch, and the stretch-induced decrease in Cx43-protein-
synthesis/Cx43-mRNA-synthesis-ratio is normalized by additional
adrenoceptor stimulation. This could mean a protective mechanism
against Cx43 over-expressionwhichmight explain the ceiling effects re-
garding the Cx43 content. However, the situation in-vivo is more com-
plex, since in-vivo mostly increased stretch – among other factors – is
accompanied by either passive dilatation and enhanced volume load
or by increased pressure, which all raises a number of other secondary
mechanisms and may alter oxygen supply and/or demand.
This mechanism seems to involve a change of the transcription-
translation-posttranslational modiﬁcation-axis [56].4.4. Effects of static stretch/tension and shear stress on cardiomyocytes
Regarding the signal transduction of static stretch-induced hyper-
trophy, the activity of mitogen-activated protein kinase (MAPK) is
enhanced early, within minutes, after a 20% elevation of static stretch
[60]. Moreover, it was shown that static unidirectional stretch of car-
diac myocytes cultivated on collagen leads to release of angiotensin-II
whichmay be involved in a hypertrophic response to mechanical load
activating c-fos via AT1-receptors [61] and c-jun, c-myc and egr-1 [62]
as well as to release of endothelin [63]. Both, angiotensin-II and
endothelin are known to be able to increase Cx43 expression and
phosphorylation [49]. Moreover, static dilatation of atrial cardiac tis-
sue can activate phosphatidylinositol turnover resulting in increases
in 1,3,4-inositoltrisphosphate (IP3) and 1,4,5-IP3 [64] as also could
be observed in cultured neonatal rat cardiomyocytes indicating a pos-
sible role for phospholipase C [65]. Regarding changes in intercellular
communication following static stretch nearly nothing is known
about the signal transduction. Taken together, there are some mech-
anisms like activation of MAPK, or release of angiotensin-II or
endothelin-1, in static stretch, which have the potential to lead to
an up-regulation of Cx43. However, this has not been investigated
in relation to Cx43 expression. In contrast, under in-vivo conditions
down-regulation of Cx43 was observed in severe cardiac hypertrophy
which involved pressure- and volume-overload [45], and, thus due to
the volume overload involves elevated static stretch among other fac-
tors (such as e.g. pressure, compression of subendocardial blood ves-
sels; altered sympathetic tone; altered oxygen demand and supply).
However, this is a highly complex situation and cannot be easilyinterpreted. Thus, comparative studies on the differential effects of
cyclic vs. static stretch on cardiomyocyte gap junctions are needed.
Also at present, there is nearly nothing known about effects of intra-
cardiac shear stress on gap junctions at e.g. the surface endothelium/
endocardium at the inner ventricle wall or on cardiac valves. There is
only one article describing that in rat cardiac valve endothelium Cx43-
expression is signiﬁcantly higher (70–200-fold) at the upstream surface
as compared to the downstream surface, while Cx37 was expressed at
the same level on both sides, and Cx40 could not be detected. This
held true for all 4 cardiac valves aortic, pulmonary, mitral and tricuspid
valve [66].
5. Effects of mechanical forces on gap junctions in the vasculature
In the vasculature cells are exposed to various mechanical forces
mainly including pressure, stress (i.e. force/area given in dyn/m2,
resulting from the pressure), stretch (deformation by the pulsatile
ﬂow), and shear stress at the luminal surface (resulting from the
blood ﬂow). Vascular tissue contains at the luminal side a thin tunica
intima made from endothelial cells which express Cx37, Cx40 and
Cx43 [67], a large tunica media consisting of smooth muscle cells
and ﬁbroblasts which express predominantly Cx43 and Cx45, al-
though Cx40 was found in the media layer of bovine aorta, and
Cx37 in rat coronary arteries [67] and a tunica externa (= adventitia)
which is formed by connective tissue. Vascular cells were reported to
be able to distinguish between various types and levels of mechanical
forces and stretch [68]. Moreover, the transduction of mechanical
forces seems to involve Src-tyrosine kinase and related kinases [69].
2 h of uniaxial static stretch applied to vascular smooth muscle
cells cultured on a ﬂexible membrane resulted in an up-regulation
of Cx43 mRNA together with c-fos [70], which may be mediated by
reactive oxygen species [71].
However, recent ﬁndings show that in ex-vivo cultured rabbit des-
cending thoracic aorta Cx43 protein was decreased after 6 or 24 h
pulsatile pressure (mean: 80 mm Hg; pulse: 30 mm Hg; in physical
terms this means a combination of pressure and stretch) [72]. In
this sophisticated study the authors used different protocols on seg-
ments of the aorta: vessels were perfused at a mean pressure of 80
or 150 mm Hg with or without a pulsatile pressure of 30 mm Hg
(cycle rate: 192 cycles/min). The idea was that at the higher mean
pressure the cyclic deformation, i.e. stretch, will be less. Thus, cyclic
stretch was estimated to be 15% for 65–95 mm Hg but only 1% for
135–165 mm Hg. In contrast, the calculated vessel wall stress is sim-
ilar for both conditions and is ca. 4.4∗105 dyn/cm2, while shear stress
(by ﬂow) was very low with 1.2 dyn/cm2. The experiments by He and
Shroff [72] showed that pulsatile pressure-induced stretch, but not
the cyclic stress (tension) resulted in down-regulation of Cx43,
which was only observed at 80 mm Hg+pressure pulses but not at
150 mm Hg mean pressure+pressure pulses. This decrease in Cx43
was accompanied by a decrease in Src activation, and seemed to de-
pend on the production of reactive oxygen species (ROS) as it could
be antagonized by inhibition of the NADPH diaphorase. The latter
result is in some contradiction to Cowan et al. [71], which was
explained by the authors by the hypothesis that the ROS-mediated
effects are secondary to Src-effects [72]. Taken together, the role of
ROS in cyclic mechanical stretch-induced vascular Cx43 regulation
remains controversial. In other organs like heart ROS are suspected
to mediate Cx43 degradation.
Regarding endothelial cells, these cells are exposed to shear stress,
to wall tension (stress), to hydrostatic pressure and to circumferential
cyclic wall stretch. In an elegant attempt to dissect the possible reac-
tions of endothelial cells to these different mechanical forces Kwak et
al. [73] submitted arterial endothelial cells expressing mostly Cx40
and Cx37 (they express Cx43 only at very low levels) unidirectional
shear stress of 0, 0.3 and 6 dyn/cm2 for 24 h and observed shear-
stress-dependent up-regulation of Cx43 protein. Elevated hydrostatic
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clic circumferential stretch, however, seems to exert an effect on Cx43
regulation: in presence of 6 dyn/cm2 unidirectional shear stress or
of 0.3 dyn/cm2 oscillatory shear stress 4% circumferential stretch
resulted in a clear up-regulation of Cx43 expression, which was
lower at lower shear stress. Thus, in arterial endothelial cells shear
stress and cyclic stretch, but not hydrostatic pressure, up-regulate
Cx43. This is of interest, since an elevation of Cx43 expression in arte-
rial endothelium has been observed not only in vascular atheroscle-
rotic disease, but was also found at areas of turbulent blood ﬂow
and has been related to endothelial dysfunction [74,75].
An up-regulation of endothelial Cx43 by sustained high laminar
shear stress has been reported previously by Cowan and coworkers
(1998) [70]. In that study, shear stress applied to cultured endothelial
cells (15 dyn/cm2) resulted in an elevation of endothelial Cx43-
mRNA. Interestingly, De Paola et al. [76] found that the up-
regulation induced by shear stress was transient in areas of laminar
ﬂow, but was sustained in areas of ﬂow disturbance. In a seminal ar-
ticle it was described that Cx43 exhibited non-uniform localization in
vascular aortic endothelium with spots of elevated expression at the
downstream edge of the ostia of branching vessels and at ﬂow di-
viders, indicating that mechanical forces, probably ﬂow-dependent
shear stress, cause an endothelial response with elevated Cx43 ex-
pression and ﬂow-dependent localization of Cx43, but not of Cx40
or Cx37 [74]. More recently, human aortic endothelial cells, cultured
on collagen or on tissue engineered vascular wall containing smooth
muscle cells in a collagen gel, were exposed to static conditions or
laminar shear stress. Shear stress in that investigation led to reduced
intercellular communication measured by dye transfer (scrape load),
while the connexin protein levels were not signiﬁcantly affected.
However, in the tissue engineered vessel wall higher connexin levels
were detected [77]. Interestingly, using siRNA directed against either
Cx37, Cx40 or Cx43, these authors found that knock-down of Cx40
resulted in more elongated endothelial cells. Regarding the mechani-
cal forces, when interpreting this study, it is necessary to take into ac-
count that the gel-based tissue engineered wall may have another
elasticity and therefore may exhibit another force transduction.
6. Effects of mechanical forces on intercellular communication in
bones
In living organisms bones are particularly exposed to mechanical
forces. It is known since several years that osteocytes and osteoblasts
also like other cells in other tissues can communicate via gap junc-
tions. In bones the most abundant gap junction protein is Cx43,
although there is also some Cx45 expression [78], while in tendons
tenocytes are longitudinally linked by Cx32 and Cx43, but transversely
only by Cx43 [79].
One mechanism by which mechanical load is transduced to osteo-
cytes is strain-induced ﬂuid ﬂow through bone lacunae and canaliculi,
which ideally is cyclic or oscillating to mimick the permanently
changing mechanical forces in a living and moving animal, inducing
shear stress. Thus, ﬂuid-ﬂow application is a classical investigation
method to examine the effects of mechanical forces on osteocytes or
osteoblasts. However, it should be kept inmind, that under in-vivo con-
ditions, mechanical forces like pressure and tension also play a role.
Application of mechanical stretch by cyclic elongation to calvaria
osteoblasts grown on ﬂexible membranes increases PGE2 release
[78]. In ROS 17/2.8 cells, an osteoblast like cell line, ﬂuid ﬂow (in
physical terms: shear stress) also increases PGE2 formation, which
was dependent on the degree of Cx43 coupling [80]. The PGE2 release
was lower in Cx43-deﬁcient mice and the effect of mechanical forces
(application of a bending force of 17 N to the tibia) on bone apposi-
tion also was diminished in these mice indicating a possible regulato-
ry role of Cx43 in bones [78]. This is further supported by another
investigation [81] showing that the shear-stress-induced PGE2 releasewas dependent on the presence of Cx43 and could be inhibited with
18-β-glycyrrhetinic acid, a substance that can inhibit gap junction
coupling. In these experiments surface Cx43 expression was en-
hanced by shear stress (16 dyn/cm2; 30–120 min) in MLO-Y4
osteocyte-like cells. Since in cells cultured at lower density the
shear-stress-induced PGE2 release was higher than in highly conﬂu-
ent cells, and since shear stress resulted in enhanced surface expres-
sion of Cx43 at the plasma membrane, these authors concluded that
this Cx43 staining could be due to newly formed un-apposed hemi-
channels which according to their suggestion may serve as release
channels for PGE2 [81], although it is not knownwhether gap junction
channels are permeable for PGE2 (a fatty acid derivative with MW:
352). It may be noted that in another investigation hemichannels
could be activated by ﬂuid ﬂow only in MLO-Y4 (osteocyte-like
cells) but not in MC3T3-E1 cells (osteoblast-like cells) [82], which
resulted in release of PGE2 and ATP.
Regarding the underlying mechanisms ﬂuid ﬂow (shear stress)-
dependent increase in PGE2 can activate on the one hand the cAMP-
PKA-cascade, but on the other hand and independently PI3K/AKT-
signaling leading to inhibition of GSK3-β. If GSK3-β is blocked, then
β-catenin translocates to the nucleus, binds to the Cx43 promoter
and increases Cx43 expression [13]. This ﬁts well to the ﬁndings of
others that Cx43 up-regulation is mediated via the prostaglandin
EP2-receptor [83].
Others found in MLO-Y4 cells enhanced phosphorylation of
serine-residues in Cx43 in response to oscillating ﬂow with a shear
stress rate of 10 dyn/cm2. The effects of shear stress on gap junctions
in that study could be prevented by blockade of ERK1/2 using PD-
98059 [84]. Regarding possible functional roles, ﬂuid ﬂow shear stress
(20 dyn/cm2) was applied to osteoblast like cells (MC3T3-E1) in ab-
sence and presence of 18-β-glycyrrhetinic acid. Shear stress resulted
in an increase in osteopontin mRNA, which could be blocked with
18-β-glycyrrhetinic acid [85].
However, the role of shear stress in osteocyte or osteoblast-like
cells is somewhat controversial since others found reduced gap junc-
tion intercellular communication in response to ﬂuid-ﬂow at 5 or
20 dyn/cm2 within 1–3 h [86]. In that study, membrane-bound Cx43
and zonula occludens protein 1 (ZO-1) were down-regulated, while
cytosolic Cx43 and Cx45 were up-regulated.
The work of Xia et al. [13] sheds some light on this issue, since
they show in Fig. 7 of their article that ﬂuid shear stress ﬁrst down-
regulates Cx43 (within the ﬁrst 30 min) and then ﬁnally after 16 h
up-regulates Cx43. However, in these experiments dye transfer, i.e.
metabolic coupling was elevated within 30 min of shear stress, and,
although steadily declining over the next hours remained signiﬁcantly
elevated at 16 h.
Cyclic mechanical stretch can increase dye coupling in osteoblastic
cells (ROS 17/2.8) but without a change in Cx43mRNA. Instead, Cx43-
phosphorylation was enhanced together with an intensiﬁed punctuate
staining for Cx43 at the appositional cell membranes [87] which may
open the hypothesis that shear-stress-dependent Cx43 phosphorylation
serves as a signal for the Cx43 transport to the membrane.
Thus, taken together, the variant results regarding osteocytes, os-
teoblasts or osteoblast-like cells may be explained by different exper-
imental protocols, different mechanical forces, different observation
times, different culture conditions and yet unknown factors. What is
still needed, although technically difﬁcult, are investigations on me-
chanical force effects on real bone cells and the gap junction function
in physiologically grown bones, preferentially applying the physio-
logical mechanical forces.
7. Concluding remarks: relevance of mechanical forces for
physiology
The considerations above show that mechanical forces can affect
intercellular communication via gap junction channels in heart,
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ferent mechanical needs. Since gap junctions are involved in regula-
tion of cell growth and differentiation, this might open new
perspectives to explain how cells can respond to mechanical load.
The ﬁndings at cardiomyocytes [19] may also point to the fact that
cells can change their orientation, their shape and their communica-
tion in response to cyclic mechanical stretch, and demonstrate how
stretch induces self-organization of a cell layer which might have
implications for embryology and the development of organs.
Stretch-induced changes in the preferred localization of gap junctions
have been observed in endothelial cells and in cardiomyocytes and
indicate, that the orientation of a tissue or of a cell layer in response
to directional mechanical forces involves gap junction communica-
tion and may induce organization of the cells in a way that they can
respond in an organized pattern. The underlying signal transduction
cascades are at present only partially understood and much remains
to investigate. It may be suggested that in other tissues mechanosen-
sitive effects on intercellular communication may be also present, but
there is only very scarce knowledge about this at present.References
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